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Plate No. Photo No. and Description

B-I Photo No. 1 - Aerial view of Fort Randall Dam. June, 1974.

11-2 Photo No. 2 - Scarifying surface prior to placement of fill.
Earthwork Stage II. 20 May 49.

Photo No. 3 - Blading operation in embankment construction.
Initial earthwork.

B-3 Photo No. 4 - Watering operation in embankment construction.
Earthwork Stage 11. 20 May 49.

Photo No. 5 - Excavation of right bank cutoff trench, upstream
end, looking towards river. 6 Nov 50.

B-4 Photo No. 6 - Sheepsfoot tamping roller compacting impervious
fill. Earthwork Stage 111. 10 Oct 50.

Photo No. 7 - Construction of intake structure aad embankment

in foreground and excavation for spillway weir in background,
looking toward the left abutment. 11 May 51.

B-5 Photo No. 8 - Dredging in chalk spoil area downstream of
embankment for hydraulic filling to effect river closure.
Earthwork Stage 111. 17 Jul 52.

Photo No. 9 - Final stage of river closure with dredged chalk
fill. Water level at about El. 1,242. 20 Jul 52.

B-6 Photo No. 10 - Dumped chalk fill over the dredged chalk weir

crest. Earthwork Stage III. 23 Jul 52.
Photo No. 11 - Placement of pervious dike at location of

upstream toe of impervious blanket. Earthwork Stage Ill.
1 Aug 52.

B-7 Photo No. 12 - Embankment material being placed on top of
dredged hydraulic fill at location of upstream embankment
toe. Earthwork Stage III. 1 Aug 52.

Photo No. 13 - Same area as shown in photo No. 12. Pictured
are double cat-dozer and towed double drum sheepsfoot roller.
I Aug 52.

B-8 Photo No. 14 - Hydraulic filling of embankment foundation in
closure section. Earthwork Stage Ill. 15 Sep 52.

Photo No. 15 - Aerial view of project looking downstream.
15 Sep 52.

B-9 Photo No. 16 - Embankment construction in closure area, looking

towards the left abutment. Fill at approximately El. 1,246.
Earthwork Stage 111. 14 Aug 52.

Photo No. 17 - Upstream portion of embankment, looking towards
the right abutment. Fill is at approximately El. 1,288.
Earthwork Stage 111. 29 Sep 52.

B-l0 Photo No. 18 - Embankment construction in closure area to
approximately El. 1,325. Embankment in foreground is at
crest level. El. 1,395. Earthwork Stage III. 17 Oct 52.

Photo No. 19 - View of embankment construction looking towards
right abutment, showing placement of upstream chalk berm.
Earthwork Stage IV. 4 Aug 53.
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B-Il Photo No. 20 - Construction of upstream chalk berm, lookiny,
S.W. towards right abutment. 4 Aug 53.

Photo No. 21 - Aerial view of construction diirhiy, Firthwork
Stage V. 16 Nov 53.

B-12 Photo No. 22 - View of embankment construction lo.)kini alon:
dam axis towards the right abutment. Earth'ork Stagtk V.
25 May 54.

Photo No. 23 - Fill placement between west spillway abutmcnt
and previously completed embankment. Top of fill Is approxi-
mately El. 1,360. 25 Jun 54.

B-13 Photo No. 24 - Aerial veiw of completed embaaknent, looking,,
from right abutment. 30 Jun 55.

Photo No. 25 - Aerial view of project, looking S.W. 29 Mar 55.

B-2



MISSOURI RIVER
FORT RANDALL DAM - LAKE FRANCIS CASE

SOUTH DAKOTA

EMBANKMKNT CRITERIA AND PERFORMAN4CE REPORT

PERTINENT DATA

1. EKBANMNT

TypO Rolled Earth and Chalk Fill
e , i <it Aboo Strean Bed 165 Feet

llei; ,ht Abovo Flood Plain 140 Feet

Lene'gt h 10,700 Feet
Crest Elv'Ition 1,395 Feet, m.s.l.

Crest Width 60 Feet
Volume 50,000,000 Cubic Yards
Closure Date 20 July 1952

2. SPILLWAY

TypL' Concrete-lined Chute w/Gated Weir

Width 1,000 Feet
Weir Crest Elevation 1,346 Feet, m.s.l.

Gates, Type Radial Tainter
Gates, Number and Size 21-40 Feet by 29 Feet
Elevation, Top of Gates 1,375 Feet, m.s.l.

Design Discharge Capacity
at Elevation 1379.2 629,000 c.f.s.

3. OUTLET WORKS

Type 12 Concrete-lined Tunnels With

Control In Intake Structure

Number, Diameter, and Length
of Flood Control Tunnels Four, 22-Foot Diameter, 873 Feet Long

Number, Diameter, and Length
of Power Tunnels Eight, 22-Foot Diameter, 873 Feet Long

Type, Number, and Size of

Intake Gates Bulkhead, 24 - 11 Feet by 23 Feet

Invert Elevation of Intake 1,229 Feet, m.s.l.
Discharge Capacity of Flood

Control Tunnels 128,000 c.f.s.

4. POWERHOUSE

Length 561 Feet
Width 78 Feet
Number of Generating Units 8

PD-I



Generating Capacity, Each Unit 42,105 kVA

Total Installed Capacity 320,000 Kilowatts

Power on Line March, 1954

5. RESERVOIR

Drainage Area Above Dam 263,480 Square Miles

Drainage Area, Fort Randall
Dam to Big Bend Dam 14,150 Square Miles

Storage Capacity at Maximum

Pool (Elev. 1375) 5,600,000 Acre-Feet
Storage Capacity at Maximum

Normal Operating Pool
(Elev. 1365) 4,620,000 Acre-Feet

Flood Control Reserve

(Elev. 1365 to Elev. 1375) 980,000 Acre-Feet

Annual Flood Control and
Multiple-Purpose (Elev. 1350
to Elev. 1365) 1,300,000 Acre-Feet

Carry-Over Multiple-Purpose
(Elev. 1320 to Elev. 1350) 1,730,000 Acre-Feet

Dead Storage, Elev. 1320 1,600,000 Acre-Feet

Length of Pool at Elev. 1365 107 Miles

Maximum Normal Operating Pool
Elevation 1,365 Feet, m.s.l.

Base, Seasonal Flood Control
Pool 1,350 Feet, m.s.l.
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MISSOURI RIVER
FORT RANDALL DAM4 - LAKE FRANCIS CASE

SOUTH DAKOTA

EMBANKMENT CRITERIA AND PERFORMANCE REPORT

I. INTRODUCTION.

1.1 Purpose and Scope of Report. This report provides a sumzary

record of significant design, construction, and operational data on the Fort

Randall Dam embankment. It was prepared in accordance with ER 1110-2-1901,

"Embankment Criteria and Performance Report," dated 31 December 1981 and is

for use by engineers to familiarize themselves with the project, reevaluate

the embankment when needed, and for guidance in designing comparable future

projects.

The report presents a general description of the foundation conditions,

the type of material and placement methods of the various sections of the

embankment, the design considerations on stability and seepage control,

instrumentation, significant operational events, and an evaluation of the

condition of the embankment. Pertinent drawings, design and construction

data, and photos are included. A more detailed description of the foundation

conditions is contained in the Construction Foundation Report prepared in

1980.

1.2 Brief Description and Purpose of Project. The Fort Randall Dam-

Lake Francis Case Project is one of six multipurpose dam projects on the

Missouri River for flood control, irrigation, navigation, power, and recrea-

tional purposes. The project is operated and maintained by the U.S. Army

Corps of Engineers, Omaha District. The dam is located about 105 river miles

downstream of Big Bend Dam and about 70 river miles upstream of Gavins Point

Dam. As shown on the location map on Plate A-I, it is approximately 6 miles

south of Lake Andes, South Dakota, and is 880 river miles (1960 adjustment)

above the mouth of the Missouri River.

The project consists of an earth embankment, a multigated concrete

spillway, an intake structure, multitunneled outlet works, and a hydro-

electric power generating plant. The embankment is about 165 feet high above



the streambd and extends about 10,700 feet from the right abutment to the

spillway structure located in the left abutment. A plan and typical sections

of the project structures are shown on Plate A-2. Photo No. I shows an

aerial view of the project.

1.3 Authorization of Da_ roect. The Fort Randall Dam and Reservoir

project was authorized by the Flood Control Act, approved 22 December 1944

(Public Law 534, 78th Congress, 2nd Session).

1.4 Design and Construction of Project. The project was designed by

the U.S. Army Corps of Engineers, Omaha District. Members of the Board of

Consultants were Dr. Arthur Casagrande, Mr. L. F. Harza, Dr. L. C. Glenn,

Mr. J. D. Justin, Mr. S. 0. Harper, and Mr. W. H. McAlpine.

The embankment was constructed in six earthwork contract stages as

listed below.

Eubankment

Construction Contract Date

Stage . No. Contractor Started

Foundation Preparation W-25-066- Peter Kiewit Sep 47

Left Bank Chute ENG-1350 Sons Co.

Initial Earthwork W-25-066- Western Feb 48

ENG-1434 Contracting Corp.

Earthwork Stage II W-25-066- Western Feb 49
ENG-1837 Contracting Corp.

Earthwork Stage III DA-25-066- Western Jun 50

ENG-363 Contracting Corp.

Earthwork Stage IV DA-25-066- Western Nov 52
ENG-2139 Contracting Corp.

Earthwork Stage V DA-25-066- List and Clark Jul 53

ENG-2531 Construction Co.

A|
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Work on the outlet works tunnel started in December 1948 and on the

spillway, in April 1951. The river closure and diversion was made on 20 July

1952 during earthwork Stage III and the embankment was essentially couipleted

by June 1955. The embankment pressure relief well system was installed by

Bassett Drilling Company during 1953 and 1954 under Contract No. DA-25-O66-

ENG-2571. Some of the wells were extended by the Stage V earthwork

contractor. All of the contracts were administered by the Corps of

Engineers, Omaha District. Field supervision was by personnel of the Fort

Randall area office which was located in Pickstown, a town constructed to

accommodate the large number of people who were involved in the construction

of the dam project.

1.5 Significant Operational Events. The reservoir was initially

raised to Elev. 1,340 in 1954 and to Elev. 1,350 in 1957. Since 1971, it has

fluctuated annually from a low of about Elev. 1,340 in the winter to about

Elev. 1,355 to Elev. 1,360 in the summer. It attained its highest level of

Elev. 1,366.5 on 23 June 1967.

Erosion of the upstream chalk berm by wave action since 1957 required

the placement of riprap protection in 1981 along the erosion scarp which

extended over the full length of the berm.

1.6 Reference Project Publications. Detailed information on the

constructed dam foundation, evaluation of relief wells, project maintenance,

and periodic inspections are included in the following Omaha district manual

and reports:

a. Construction Foundation Report (September 1980).

b. Embankment Relief Well Study (August 1982).

c. Operation and Maintenance Manual (1982).

d. Periodic Inspection Reports Nos. 1, 2, 3, and 4, the latest

of which is dated June 1981.
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2. GEOLOGY.0
2.1 General. Fort Randall Dam is located in the eastward sloping

Missouri Plateau Section of the Great Plains physlographic province. The dam

lies across an entrenched glacial melt-water channel at the southwestern

margin of glaciated eastern South Dakota. During the mid-Pleistocene Period

melt water ran along the front of the lllinoian Glacier which had advanced

into South Dakota. When the glacier retreated the melt-water channel had

entrenched enough to remain as the infant Missouri River. The river trench

was partly filled during the later Wisconsin glaciation, but it retrenched

its valley in the Recent Period.

The dam is located on generally flat lying, well compacted, sedimentary

formations deposited by continental seas during the Cretaceous Period.

Although the formations may be locally considered horizontal, they display an

undulating trend on a larger scale. This is due to minor folding or

differential compaction over the underlying Precambrian basement structure.

The Precambrian basement consists predominantly of a NW-SE trending quartzite

ridge in eastern South Dakota giving way in east-central South Dakota to a

broad, flat structural platform which slopes gently westward.

The valley at the damsite is approximately 8,000 feet wide with a low

flood plain elevation of about 1,250. The left abutment is formed by a

promontory which rises between two deep tributary ravines to 160 feet above

the flood plain; the ground then rises gently for a distance of about 3,000

feet to an elevation of 1,440. The left flood plain is 250 feet wide at the

dam axis and increases in width upstream to about 2,000 feet at the head of

the spillway approach channel. The right flood plain was just a few feet

wide on the dam axis, but increased rapidly in width downstream. The right
abutment is on a 60-foot high promontory formed by an eroded river terrace.

The terrace rises to the west with a 1V on 40H slope for a distance of about

2,600 feet; it then rises on a IV on 20H slope for about 1,400 more feet.

Prior to construction of the dam, the river at the site was divided by an

4



alluvial islatid into a left 1,100-foot-wide channel and a right 1,500-foot-

wide channel. The island was about 1-1/4 mile long, 1,400 feet wide, and had

a surface elevation of about 1,245 feet.

2.2 Subsurface Explorations. After the present damsite was selected,

11 rotary and churn drill holes were made in 1941. An additional 51 borings

and three test pits were made in 1942. From 1946 and throughout the design

and construction period, over 450 additional borings and 28 test pits were

made to determine the foundation conditions. The borings included 3-inch

core borings, 6-inch core borings, 12-inch auger holes, and three 36-inch

diameter calyx holes. Boring locations are shown on Plate A-8. The drilling

program and other foundation investigations such as bedrock contouring,

pumping tests to determine the permeability of the valley sands, and geologic

mapping of excavations during construction are described in the referenced

Construction Foundation Report.

2.3 Ground Water. Ground water levels were recorded in numerous

exploratory drill holes prior to construction. The water table in the river

valley and was as much as 12.0 feet below ground surface, but it only varied

in elevation from about 1,237 to 1,240, the river surface elevation. In the

left abutment, the water table ranged in depth from about 73 to 142 feet at

elevations between 1,304 to 1,360 with an average of about 1,318. The water

table was found in both overburden and bedrock, but for the most part, it was

in or near the overburden-bedrock contact. In the right abutment, the water

table generally occurred in overburden between 15 to 75 feet below the ground

surface, and the elevations varied from 1,237 to 1,288 with an average of

about 1,240.

A number of artesian springs and wells were found in the Missouri River

Valley upstream and downstream from the Fort Randall damsite. One of these

springs was located at about Sta. 80+00 near the axis of the embankment. The

spring water was tested and found to originate from the Dakota sandstone at

about Elev. 750. Apparently, the river had eroded enough of the overlying

sediments to allow the artesian pressured Dakota water to force its way to

5



the surface through fracture zones. The presence of this and similar springs

in the reservoir was not considered a critical problem.

2.4 Overburden. The overburden at the damsite consists predoitinantly

of fluvial sands in the river valley, clays and silts in the river terrace of

the right abutment, loess overlying the river terrace, and glacial till in

the upper left abutment. A geologic profile along the axis of the embankment

is shown on Plate A-6.

2.4.1 Fluvial Valley Sands. The upper portion of the valley

fill consists of alluvial sand which ranges from fine to medium in grain

size. The fine-to-medium sizes predominate throughout this fill, but with

increasing depth the sand becomes more coarse and in part, gravelly. The

thickness of the alluvium varied across the river valley from a relatively

shallow depth adjacent to the abutments to a maximum thickness of 175 feet in

the vicinity of the midstream island. Some thin layers of gravel occurred in

this material, but they appeared to be restricted lenses with no great

lateral extent. There were also occasional small seams of clay, silty sand,

lime, and lignite float. The lower deposits are probably of glacial origin.

Gradation curves for the sand are shown on Plate A-24. Well

pumping tests indicated a permeability from 0.001 to 0.004 ft/sec in the

upper medium-grained sands; however, the permeability for the deep sands

containing more gravel was found to be about 0.001 ft/sec (86.4 ft./day).

This suggested that the gravelly sand contained fines which reduced its

permeability. The coefficient of permeability for remolded samples of the

sand ranged between 3 and 10 feet per day. The coefficients of internal

friction for remolded samples of the sand varied between 0.6 and 0.7.

2.4.2 River Terrace Clays. An extensive river terrace formed

the right abutment of the dam. It consisted of poorly compacted alluvial

clays and silts more than 100 feet in thickness. The material was classified

as a lean to fat clay with approximately 77 to 98 percent finer than the No.

200 sieve size as shown by the gradation curves on Plate A-26. The in-place
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dry density of the clay averagedl about 90 pounds per cubic foot (pcf) and the

moisture content varied between 20 and 35 percent. The consistency of the

material ranged fron friable to stiff above the ground water table, but

varied from stiff to soft at greater depths. The Atterberg Limits for the

material varied widely, with liquid limits varying from 32 to 90 percent and

plasticity indexe- ranging from 10 to 58 percent. Direct shear and triaxial

compression test results indicated a design shear strength of tan 0 = 0.22

and cohesion = 0.4 tons per square foot. Sample data sheets and summaries of

the shear tests are presented on Plates A-28 through A-32.

2.4.3 Loess. A blanket of loess covered the right abutment

terrace clay deposit. It varied in thickness from about 50 feet at the river

bluff to just a few feet in the upper gently sloping terrace area. The upper

several feet of weathered zone did not have the low moisture content which is

normally characteristic of loess, and it was somewhat denser than the

unweathered material. In its natural state the loess has low density,

ranging between 75 and 85 pounds per cubic foot, with up to 50 percent voids.

It has a liquid limit of about 33 percent and a plasticity index of about 10.

Its natural moisture content is about 10 to 15 percent. A shear strength of

tan 0 = 0.65 and cohesion = 0 was determined by direct shear tests and was

selected for design. The material has a uniform grain size which is

restricted almost entirely to silt and fine sand sizes as shown in the grada-

tion curves on Plate A-25. The silt and sand grains are characteristically

bonded by interstitial clay particles which give dry loess the strength to

stand in vertical bluffs.

2.4.4 Glacial Till. Glacial till formed the overburden in the

left abutment with a maximum thickness of 90 feet in the embankment founda-

tion area. It consisted of a heterogeneous mixture of clay, silt, sand,

gravel, and boulders with some fragmented shale and chalk. The range in

gradation is shown on Plate A-27. The material is predominately a sandy

clay, with an average liquid limit of about 40 to 45 and average plasticity

index of about 20 to 25. Tests on 18 undisturbed samples indicated that the

in-place dry density ranged from about 90 to 114 pounds per cubic foot (pcf)
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and averaged about 99 pcf. Tests on a few of the larger samples, however,

showed an average density of about 102 pcf. Moisture content averaged about

20 percent. Consolidation tests on the undisturbed glacial drift material,

in which the specimen was loaded to its natural overburden load and then

Immersed, did not show any tendency of the material to slump or rapidly

consolidate.

2.5 Bedrock. The rock formations at Fort Randall Dam are well

indurated, compact sedimentary marine deposits of the upper Cretaceous

Period. The stratigraphic sequence in ascending order is Greenhorn lime-

stone, Carlile shale, Niobrara chalk, and Pierre shale. Plate A-6 shows a

geologic column and geologic profile along the dam axis. Carlile shale and

the Niobrara Formation constitute most of the bedrock foundation at the dam

site. Formations at the dam site are flat-lying with a gentle dip of a few

feet per mile to the northwest. A bedrock contour map is presented on Plate

A-7. Bedding planes vary from being inches apart to as much as 5 feet apart

in some portions of the Niobrara Formation. They often contain thin layers

of gypsum, calcite, or clay. Nearly vertical, randomly oriented joints are

common in rock exposures, but less common at depth. There is occasional

faulting throughout the area, but usually with no more than a few feet of

displacement and relatively short lateral extent. The faulting at the

damsite was comparatively minor, but not uncomplicated. Both jointing and

faulting in the chalky Niobrara Formation were relatively tight and prohibi-

tive to solution; no caves, caverns, or solution channels were found in the

area.

2.5.1 Greenhorn Limestone. This formation is generally

recognized as a hard fossiliferous limestone. The predominant constituent is

crystalline calcium carbonate, but it also has a considerable amount of clay

and fine sand. Drill holes in the right abutment penetrated about 45 feet of

Greenhorn limestone below Elev. 910.

2.5.2 Carlile Shale. The Carlile shale is mostly sandy to

clayey shale with some interbedded sandstone. It is about 265 feet thick,
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but the tipper 100+ feet beneath the valley had eroded and filled with

alluvium. It is in the river valley that the Carlile shale forms the

flooring bedrock and creates the most concern as a foundation material.

There is a relatively weak contact plane between the eroded Carlile shale and

the overlying valley sands. Consolidated direct shear tests on samples of

the shale indicated a design shear strength of tan 0 = 0.3 and cohesion = 0.1

ton per square foot. The top of the formation under the left abutment and

the right terrace is at about Elev. 1,175, approximately 65 feet below the

river level.

2.5.3 Niobrara Formation. The Niobrara Formation is the upper-

most formation of the Colorado Group, and is the oldest exposed bedrock in

the area. It is a dark gray, argillaceous, soft but firm chalk and chalky

shale which contains many microscopic shells of Foraminifera and Ostracoda.

The color changes to a buff or light gray when the formation is weathered.

The chalk is a porous rock, but the voids are so poorly interconnected that

the rock is relatively impervious. It is a massive, coherent rock, and

although it is soft enough to be scratched with a fingernail, it is also

tough and resilient enough to resist fracturing. Fresh exposures of the

chalk withstand repeated cycles of wetting and drying without appreciable

deterioration. Thin layers of bentonitic clay with thicknesses up to 2

inches occur throughout the formation, but they are more concentrated in the

upper 20 feet. Tests have revealed that after being thoroughly dried these

clays, unlike pure bentonite, will not swell greatly when saturated.

The Niobrara Formation is the predominant sedimentary material at

the damsite. It extends for about 145 feet in thickness from Elev. 1,175 to

Elev. 1,320; this is about 65 feet below the river level to an average height

of 80 feet above the river level. It is the most stable bedrock in the Fort

Randall area and is the foundation for the outlet works, the spillway, and

the powerplant. It was also the major rock encountered in construction

excavations. Dry unit weight of the chalk varied from 85 to 114 pcf, and

moisture content ranged from 20 to 30 percent.
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2.5.4 Pierre Shale. The Pierre shale is the uppermost formation

at the damsite, and its contact with the underlying Niobrara Formation occurs

sharply at about Elev. 1,320. The formation is susceptible to landsliding,

and It may be generally described as a noncalcareous to highly calcareous,

gray, green, brown, or black, tough, gummy, marine shale with zone, of

bentonite seams and iron-manganese concretions. It is commonly divided into

eight members; however, erosion has removed all but the lower member and

therefore, the shale had only a minor influence on the dam construction.

Excavation for the spillway encountered about 30 feet of Pierre shale, but no

part of the structure was founded on the formation. A thin remnant of the

shale, however, formed the bedrock beneath a small portion of the dam where

the embankment is relatively low.

3. NIANDIENT SCTION. A typical section of the embankment is shown on

Plate A-2 and sections at various locations along the embankment are shown on

Plates A-4 and A-5. The embankment has a maximum height of about 165 feet

above the river bed and has an average height of about 140 feet over the

flood plain. The crest of the embankment is 60 feet wide and is at Elev.

1,395 feet, mean sea level. The embankment section consists mainly of a

central wide-based compacted impervious earth fill section and dumped chalk

fill outer berm sections. An upstream impervious fill blanket adjacent to

the central impervious section reduces uplift pressures beneath the

embankment by lengthening the seepage path. In addition to the stability

provided by the downstream chalk berm, the relief wells along the toe of the

central impervious section provide assurance against the development of

excessive underseepage pressures. The flat IV on 15H surface of the upstream

chalk berm was considered an acceptable alternative to the more expensive

conventional riprap protection. Except for the areas inundated by the

reservoir and the riprapped slope in the vicinity of the outlet works Intake

structure, the entire embankment is grassed for protection against surface

erosion.

4. CONSTRUCTION STA"98. The embankment was constructed in six earthwork

stages under separate contracts. The river was diverted through the power
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and outlet works structures and tunnels during Earthwork Stage III.

Diversion of the river, therefore, controlled the extent and sequence of

construction for the various earthwork stages. Work covered under each stage

is summarized below.

4.1 Foundation Preparation - Left Bank Chute. (September, 1947 -

January, 1948). This preparatory work was required to provide a dry founda-

tion for the embankment from the left bank of the river to the toe of the

left abutment. It was completed during the fall and early winter months in

preparation for the initial embankment earthwork stage that was scheduled to

start the following spring. Approximately 390,000 cubic yards of compacted

fill up to a maximum thickness of about 10 feet, to about Elev. 1,252 were

placed under this contract.

4.2 Initial Earthwork (February 1948 - December 1948). Work under

this stage included partial embankment construction from the river to the

left abutment. It also included excavation in the upstream and downstream

portal areas of the power and outlet works tunnels and partial excavation in

the spillway approach channel. Two test embankments, one of shale and the

other of excavated chalk material, were constructed during this phase and are

discussed in subparagraph 6.5, Chalk Berm Fill. Approximately 6,725,000

cubic yards of compacted earth fill were placed to elevations varying from

Elev. 1,271.5 over the left bank to Elev. 1,365 over the left abutment. The

fill material was predominately glacial drift overburden excavated fromn the

outlet works and spillway areas. Approximately 4,510,000 cubic yards of

chalk and shale were also excavated from these areas and were used primarily

in the construction of the upstream and downstream embankment chalk berms.

4.3 Earthwork Stage II (February 1949 - October 1949). Work under

this contract was entirely on the left side of the river and was essentially

a continuation of the activities performed under the previous earthwork

contract. Approximately 4,380,000 cubic yards of compacted earthfill and

147,000 cubic yards of pervious channel fill were placed. The compacted
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embankment over the left bank varied up t,) El- v. 1 315 uudor th I con t itc-

tion phase. Approximately 4,000,000 coLbic yards of chalk and shbile were

excavated from the outlet works and spillway ara,; and placed in the upstrean

and downstream embankment berms.

4.4 Earthwork Stage III (June 1950 - March 1953). Staie II work

included construction of the left bank embankment to It, full height, place-

ment of riprap on the upstream slope of the embankment In the vicinity of the

intake structure, construction of an upstream cutoff trench along the right

bank of the river, removal of right bank loess material beneath the embank-

ment and backfilling with compacted impervious fill, diversion of the

Missouri River through the outlet works, constroction of the embankment in

the closure section and over the right bank area to a maximum elevation of

1,325, and placement of the upstream impervious blanket in the closure sec-

tion and over the right bank area. In addition, the approach and discharge

channels of the outlet works were completed and a portion of the spillway

channel was excavated. The outlet works structures, including the tunnels,

intake structures, downstream outlet structure and powerhouse substructure

were under a separate contract and were sufficiently complete to allow diver-

sion of the river. Approximately 7,350,000 cubic yards of compacted fill,

2,060,000 cubic yards of hydraulic pervious fill in the closure foundation

area, and 194,000 cubic yards of hydraulic chalk fill in the diversion weir

structure were placed during this construction stage. In addition,

approximately 3,800,000 cubic yards of chalk and shale were excavated from

the outlet works and spillway areas and were placed in the upstream and

downstream chalk berms. Photos No. 5 through No. 18 were taken during

Earthwork Stage III.

4.5 Earthwork Stage IV (lovember 1952 - September 1953). The

compacted impervious and upstream chalk berm sections of the embankment were

placed to Elev. 1,355 in the right bank and closure areas under the Stage IV

construction. Also included was the 5-foot thick pervious drainage fill

blanket beneath the right bank downstream compacted section of the impervious

embankment. Approximately 2,740,000 cubic yards of impervious fill and
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220,000 cubic yards of pervious fill were placed in the compacted earthfill

portions of the embankment. About 3,590,000 cubic yards of chalk and shale

were excavated from the spillway area and were placed mostly in the upstream

chalk berm section of the embankment. Photos Nos. 19 and 20 were taken

during Earthwork Stage IV.

4.6 Earthwork Stage V (July 1953 - November 1955). Earthwork Stage V

was the final embankment construction stage. The embankment over the right

bank and closure section was raised to its design crest elevation of 1,395.

The left bank portion of the embankment had previously been constructed to

Elev. 1,395 under Earthwork Stage III. The entire length of the embankCment

crest was overbuilt to heights up to 3.5 feet, as indicated on Plate A19, to

compensate for post construction settlement. The embankment at both

abutments of the spillway structure was constructed to the final crest

elevation of 1,395. The left and right bank embankment toe drains were

installed and 14 of the 36 previously installed relief wells were raised in

conjunction with raising of the chalk berm in the downstream closure area.

Excavation of the spillway discharge channel was also completed under this

earthwork contract. Approximately 4,330,000 cubic yards of impervious fill

and 27,000 cubic yards of pervious drain fill were placed in the compacted

embankment. In addition, about 4,560,000 cubic yards of chalk and shale were

excavated from the spillway area and placed in the upstream and downstream

berms of the embankment. Photos No. 21 through No. 25 were taken during

Earthwork Stage V.

5. FOUNDATION PREPARATION. All areas upon which embankment material were

placed, plus at least a 10-foot contiguous strip, were cleared of all brush,

trees, structures, trash, debris, and other unsuitable foundation material.

Roots larger than 1-1/2 inches in diameter were removed to a minimum depth of

3 feet below the ground surface. Thin surface layers containing sod, humus,

and other undesirable material were stripped and wasted. Prior to placement

of embankment, the foundation was loosened to a depth of 12 inches by

scarifying, plowing, or harrowing, cleared of loosened roots and debris, then

compacted as for impervious fill. Foundation areas and conditions requiring
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specific treatment, such as low left bank areas, left bank springs, right

bank loess deposit, and the river closure area are discussed below.

5.1 Left Bank Preparation. Low ponded areas on the left bank were

filled with pervious alluvial sands to assure a dry foundation for subsequeOt

embankment fill operations. Placement of the sand fill was done by end-

dumping and dozing the material in place, an operation that pushed water and

muck away from the foundation area. When internal drainage of the fill

material was impeded, the filling operation was temporarily stopped to allow

dissipation of the pore pressures.

During the initial earthwork stage, the natural spring near the center-

line of the dam about 400 feet from the left bank of the river was excavated

of muck and provided with a drainage channel to the river. The spring area

was about 145 feet in diameter. The excavation extended 5 to 8 feet in depth

into sound foundation sand and was backfilled with relatively clean pervious

sand and gravel.

5.2 Resoval of light Bank Loess. The surface loess material was

removed from a major portion of the right bank embankment foundation. A

loess excavation plan and sections are shown on Plate A-20 and additional

profiles are on Plate A-21. The loess was removed to increase stability,

reduce settlement, and minimize possible cracking of the embankment from

uneven foundation settlement. The excavated material was then reused to fill

the excavation as compacted impervious fill. The entire right bank

excavation involved the removal of approximately 2,450,000 cubic yards of

predominantly loess material.

5.3 River Closure Area. Immediately after diversion of the river,

the embankment foundation within the river hannel was prepared by filling

with pervious sand. Prior to placement of the material, all chalk that was

used for river bank protection within the embankment area was removed with a

Iragline and later placed in the upstream chalk berm. The foundation for the
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upstream end of the impervious blanket was placed by hauling pervious

material which was stockpiled from material excavated from the outlet works

approach channel. The material was dozed into the river channel to at least

Elev. 1,242, above the water level. Photo No. 11 shows placement of the

sand. The pervious foundation fill in the major portion of the channel,

between the upstream dumped pervious foundation and the downstream diversion

dike, was placed hydraulically by dredging sand from the downstream river

bed. This operation is pictured in Photo No. 14. Filling starLed at the

usptream end and progressed downstream. The closure plan and sections are

shown on Plate A-23. Approximately 1,630,000 cubic yards of pervious

foundation material were placed in the river channel.

6. MATERIALS AND MATERIALS PIACEMENT. The embankment was constructed of

material obtained primarily from required excavations from the outlet works

and spillway areas. Construction operations were generally in two 10-hour

shifts. Impervious glacial till material and chalk were the predominant

types of material used to construct the compacted embankment and berms,

respectively. Pervious sand fill was used primarily as river chute fill and

as pervious drainage blanket beneath the downstream section of the embank-

ment. Data on field compaction tests and on embankment construction were

obtained from construction reports that were prepared by the Area Engineer

and his staff during and immediately after construction of the various

earthwork stages. Information was also extracted from laboratory test

records on approximately 70 undisturbed box samples that were taken during

construction of the compacted impervious embankment. Tests on the record

samples included classification, moisture contents, specific gravity, and

density. In addition, some of the samples were tested to determine shear

strength and consolidation characteristics. Properties and placement of the

embankment material are discussed below. Material types include pervious

river chute fill, rolled embankment fill, impervious blanket fill, pervious

drain fill, and chalk berm fill.
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6.1 Pervious liver Chute Fill. River chute filling is described in

paragraph 5, Foundation Preparation. Material placed in the closure chute

consisted primarily of dredged pervious alluvial sand from the riverbed

located downstream of the embankment area. The hydraulically placed material

was assumed to be in a similar state of compaction as the existing natural

alluvial foundation. Photos No. 11 and No. 14 show placement of the river

chute fill.

6.2 Rolled Embankment Fill. The central wide-based main embankment

section was constructed of predominately impervious material and was desig-

nated as the "rolled embankment" section through Earthwork Stage III and is

shown as such on Plates A-2, A-4, and A-5. In Earthwork Stages IV and V,

this section was designated as "impervious fill" section. The material

requirements for the section, however, were the same in all stages. Except

for a relatively small quantity of excavated and recompacted right abutment

terrace clay and loess, the rolled embankment section was constructed primar-

ily of glacial till material excavated from the left abutment. Approximately

90 percent of the rolled embankment section was constructed of till material

which consisted predominately of impervious sandy clays. Small quantities of

relatively pervious material that were present in the excavated till were

placed in the downstream one third of the rolled embankment section.

Through Earthwork Stage III, the rolled embankment material was placed,

as specified, in 8-inch loose lifts and compacted by 6 passes of a sheepsfoot

tamping roller. Scarifying, blading, and watering operations are pictured in

Photos Nos. 2, 3, and 4 and compaction by sheepsfoot is sh-wn by Photos

Nos. 6, 12, and 13. During Earthwork Stage III, the contractor was allowed

by contract modification to place the material in 12-inch lifts with compac-

tion provided by at least 3 passes of a 50-ton pneumatic roller. Both compac-

tion methods were allowed in Earthwork Stages IV and V. Except in very few

instances, adequate compaction was obtained by the specified minimum number

of compaction coverages. Both types of rollers resulted in comparable

densities; however, the pneumatic roller was generally preferred by the
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Contractor because of the lower number of required coverages. Moisture

content was maintained near optimum and was controlled by visual inspection

by experienced Corps of Engineers inspectors who had immediate access to the

results of numerous ongoing field control tests, such as classification,

moisture content, compaction, and density. Moisture contents were not

specified in the earlier construction stages; however, in Earthwork Stages IV

and V, they were specified to be not less than 2 percent below optimum and

not more than that required for proper excavating, hauling, placing, and

compacting without causing excessive deformation.

Numerous field tests were made during construction of the rolled embank-

ment. For example, during Earthwork Stage 1l, an average of 20 field density

tests were made during each 10-hour shift. In addition, an average of one

sample was taken for each 12,000 cubic yards of compacted fill for deter-

mining classifications, moisture contents, densities, and air voids. only a

partial record of field control tests exists and, therefore, the total number

of field control tests conducted for the project is not known. Available

data on at least 1,100 tests made during Earthwork Stages III and V show tha&

the average dry density of the rolled embankment material was about '; '.i

pounds per cubic foot (pcf) and the average moisture content was about 18.-

percent. The material was predominantly sandy clay (CL) and compaction

averaged approximately 100 percent of maximum standard density. The tests

conducted during the initial Earthwork and Earthwork Stage II construction

showed an average dry density of 101.9 pcf and an average moisture content of

17.7 percent.

Fifty-seven undisturbed box samples were taken of the compacted fill

during the Initial, Stage II, and Stage III earthwork contracts. This

averaged about one sample for each 250,000 cubic yards of compacted fill.

For Stages IV and V, a total of 13 box samples were taken for an average of

approximately one sample for each 550,000 cubic yards of compacted fill. All

samples were shipped to the Missouri River Division Laboratory in Omaha,

Nebraska for testing. The test results for the 70 record box samples are

tabulated on Plate A-41. For comparison with the results of the field
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control tests given above, the tests on the undisturbed samples revealed a

slightly lower average dry density of 99.5 pef and a slightly higher average

moisture content of 19.9 percent. Atterberg limits are plotted on Plate A-42

and moisture - density plots are shown on Plate A-43. The direct shear test

results, shown on Plate A-44, show that only one of the 44 test envelopes

fell entirely below the design strength envelope. Also, the tan 0 values of

all the tests ranged from 0.36 to 0.73, all higher than the 0.35 design

value. These results indicate that the adopted design shear strength

parameters, tan 0 = 0.35 and cohesion, C = 0.35 tons per square foot were

conservatively selected.

6.3 Impervious Ilanket Fill. The impervious blanket adjoins the

upstream toe of the rolled embankment section. It consists of material

similar to that used in the rolled embankment section, except that pervious

material was not allowed. Impervious material that was unsuitable for the

rolled section, due to excessive moisture or presence of pieces of weathered

chalk, however, was allowed in the impervious blanket. The material was

placed in 12-inch thick layers and was compacted by 3 complete coverages of a

crawler type tractor weighing not less than 10 tons. Field compaction test

records on this material are not available; however, the construction reports

indicated that the impervious blanket was well compacted.

6.4 Pervious Drain Fill. Pervious fill was used in the downstream

section of the embankment on both abutments.

6.4.1 Left Abutment. A 10-foot thick pervious fill blanket

drains a natural basal sand stratum which overlies a small portion of the

chalk bedrock in the left abutment. The pervious fill, consisting of pit-run

sand and gravel free from overburden soils was placed during the initial

earthwork stage at the location shown on Plate A-15. The blanket lies

between Elev. 1,320 and Elev. 1,330 and extends from Sta. 105+90 to Sta.

107+90. It outlets at the downstream toe of the embankment into a collector

drain which was installed under Earthwork Stage V. The material was placed

in 12-inch thick layers and compacted with a crawler-type tractor weighing at

* least 10 tons.
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6.4.2 tight Abutuent. A 5-foot thick pervious blanket was

constructed beneath the downstream embankment section. It was constructed

during Earthwork Stage IV and extends from Range 5,050 (50 feet downstream of

the dam axis) to the down tream toe of the embankment and from Sta. 29+00 to

Sta. 57+15. The material consisted of clean, free-draining sand, and sand

and gravel containing not more than 10 percent of particles finer than a

standard No. 200 sieve. It was obtained from onsite stockpiled excavated

sand. The specifications required a lift thickness not exceeding 12 inches

for compaction by 6 passes of a tamping roller and not exceeding 18 inches

for compaction by 3 passes of a rubber-tired roller. If adequate compaction

was not obtained by these methods, the contractor was required to make 3

complete coverages with a 10-ton crawler type tractor. Daily summary records

of field compaction tests indicated that final compaction was made with a

crawler tractor. The dry density of the surface layer averaged about 109.5

pcf and that of the underlying layer, at least a foot below the surface,

averaged about 112.5 pcf. This reflects the additional compaction received

by the underlying layer through surface rolling. Moisture contents generally

were between 6 and 10 percent. A toe drain collector pipe was later

installed along the downstream end of the pervious blanket during earthwork

Stage V.

6.5 Chalk Berm Fill. Chalk and shale excavated frow the outlet works

and spillway were used to form the massive upstream and downstream chalk

berms. Berm construction continued through all of the earthwork construction

stages. The excavated chalk was generally blocky and varied in size from

about 5 feet to a fine granular particle. The total chalk-shale excavation

included relatively small quantities of shale. This was due to shale being

encountered immediately below the overburden in the upper left abutment,

mostly upstream of the spillway and in the approach channel. Most of the

shale that was excavated in the initial earthwork stages was placed in the

downstream chalk spoil area that formed part of the right bank area of the

outlet works discharge channel. In later earthwork stages, the shale was

placed primarily in the upstream chalk berm. The chalk berms, therefore,
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9 were constructed predominately of chalk material, which is more resistant to

weatheritW5 than shale. The berms were constructed generally in lifts not

exceeding 10 foot in thickness, with no moisture control, and compaction only

by the hauling and grading equipment. Later exposure of the upper 10 foot of

the upstream chalk berm by wave erosion revealed that the material was

moderately compact with no visible voids. The upstream chalk berm, with an

outer slope of IV on 15H, was considered during project design to be an

adequate wave protection alternative to the more expensive conventional

riprap protection. Wave erosion scarps, however, developed and required

stone protection, as described in paragraph 7, Wave Protection.

Two test embankments, one of shale and the other of chalk, were

constructed under Modification No. 4 of the initial earthwork contract. The

shale test embankment was constructed in the upstream blanket area between

Sta. 86+25 and Sta. 90+25 and Range 3,925 and Range 4,175. The chalk test

embankment was made in the chalk spoil area on the right bank of the outlet

works discharge channel. The test embankments were constructed to determine

the compaction characteristics of shale and chalk which were then being

considered for possible use in the rolled embankment section. This

possibility was prompted by an expected decrease in overburden excavation due

to a revision in the spillway excavation plan. The test fills showed that

compaction of these materials into an impervious mass required a rather long

and expensive process. The process involved breaking the large chunks by

several passes of a specially built spike-toothed roller, then compacting

with a sheepsfoot roller. Although density and unconfined compression tests

were performed on samples from the compacted fill, additional tests were

desired but not performed to determine the effects of saturation and long

term weathering of the materials. For these reasons, the tests were

considered inconclusive and the use of shale and chalk was not considered

further for use in the rolled embankment section. As it later turned out,

ample quantity of overburden was available for the construction of the rolled

impervious section. The results of the test embankments were later supple-

mented by additional tests and were used in the design and construction of

Gavins Point Dam.
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7. WAVE PROTECTION. Riprap protection on the upstream slope of the embank-

ment was originally placed only in the vicinity of the outlet works intake

structure and spillway. Later placement of stones on the embankment upstream

chalk berm was made only after many years of observation and monitoring

strongly indicated that the wave erosion scarps would continue to increase in

height and eventually cut into and adversely affect the stability of the main

embankment.

7.1 Riprap at Intake Structure and Spillway. The entire upstream

slope of the embankment in the vicinity of the outlet works intake structure

is protected with riprap. The riprap extends from Sta. 103+00 to the right

spillway wall, at approximately Sta. 121+40. The riprapped slope from Sta.

103+00 to Sta. 106+00 extends beneath the northeast end of the upstream chalk

berm. This was done for protection of the rolled embankment as some erosion

of the chalk berm was expected to occur in this area. Riprap also protects

the left bank of the spillway approach channel. The riprap near the intake

structure was placed during Earthwork Stage III and those adjacent to both

spillway walls were placed later during Earthwork Stage V. The riprap

section near the intake structure and right spillway wall consists of a

3-foot layer of riprap, a 1-foot layer of spalls, and a 2-foot layer of

filter blanket as indicated on Plates A5 and A-16. The riprap at the left

spillway wall is similar, except that a 1-foot filter blanket is used. The

riprapped slopes are in good condition.

7.1.1 Riprap. Riprap consists of glacial boulders that were

stockpiled from required left abutment excavations. The stones were

reasonably well-graded from a 3-foot maximum size to a 5-inch minimum size.

7.1.2 Spalls. The spall layer was constructed by a subcon-

tractor who obtained the material from a locally owned gravel pit. The

stones were reasonably well-graded between the 6- and 2-inch sizes.
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7.1.3 Filter Ilanket. The filter blanket underlying the spalls

was al;o coi-tructed by the spalls subcontractor. The processed material was

obtained from a locally owned gravel pit and was required to meet the

following gradation.

Sieve Size Percent by Weight
U.S. Std. Sq. Mesh. Passin

3-1/2-inch 100
3-inch 95-100
2-inch 90-100
3/4-inch 75-100
3/8-inch 60-100
No. 4 40-80
No. 10 25-60
No. 16 20-50
No. 100 0-15

7.2 Stone Protection on Chalk Bern. The flat 1V on 15H upstream

chalk berm was assumed to provide adequate resistance against wave action.

However, the berm started to erode when the reservoir was initially raised to

Elev. 1,355 in 1957. Erosion continued into the IV on 7H chalk slope above

the flatter berm and progressed toward the main embankment section at an

average rate of about 6 feet per year. By 1973, it had advanced to about

range 4,850, approximately 150 feet from the axis of the dam. Scarps up to

about 10 feet in height formed along practically the entire length of the

unprotected embankment slope.

In 1977, the 8,000-foot long erosion scarp was graded to a IV on 3H

slope, but stone protection was placed only along a 400-foot reach adjacent

to the existing riprap in the vicinity of the intake structure. The stone

protection consisted of dumped field boulders having a maximum size of 250

pounds and a median size of 50 to 100 pounds and placed at a rate of 2.5 tons

per lineal foot of scarp. The unprotected graded slope was severely eroded

by waves in 1978 which led to the placement of riprap over the entire length

of the erosion scarp in 1981. Riprap composed of field boulders was dumped

at an average rate of 2.5 tons per lineal foot of scarp length and consisted

of stones having a maximum size of 400 pounds and a median size of 70 to 150

pounds. These stones are about 50 percent larger than those used in 1977,

and were selected for use after excessive stone displacements were noted in

the existing riprap.
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8. DIVERSION AND CLOSURE. Prior to construction of the embankment closure

section, the Missouri River was fully diverted through the outlet works oil

20 July 1952 as part of the Earthwork Stage Ill construction. Photo No. 15

shows an aerial view of the diverted river. Diversion was effected by

dredging chalk directly into the river. Location and typical sections of the

diversion structure are shown on Plate A-22. As shown in Photo No. 8, the

chalk was dredged from the chalk spoil area located downstream of the dam and

riverward of the outlet works discharge channel. The diversion plan was

developed by the contractor as an alternative to the plan shown on the

contract drawings which required the use of lumber mattresses, timber cribs,

and an open deck pile trestle.

The diversion dam consisted of a lower, wide-based chalk blanket, a

dredged chalk weir section, and an upper dumped chalk dike. Stage construc-

tion of the dam is indicated by the sections shown on Plate A-22. The chalk

blanket was placed to Elev. 1230 approximately 10 feet below the river level,

from 29 April 1952 through 22 May 1952. Construction of the dam was

temporarily suspended until 7 July 1952 while the outlet works approach and

discharge channel plugs were being removed. The diversion weir section was

then constructed from 8 July 1952 through 20 July 1952 to Elev. 1244, about 2

feet above the headwater level, to complete the river diversion. By 29 July

1952, the diversion structure was completed by end dumping chalk directly

onto the weir section to Elev. 1265. Photo No. 9 shows placement of dredged

chalk for the construction of the diversion weir and Photo No. 10 shows end

dumping operations in building the dike over the weir section.

Immediately following the diversion operations and prior to placement of

fill in the embankment closure section, a dike was first constructed along

the upstream end of the impervious blanket foundation. The dike was

constructed by end dumping sand that was previously stockpiled from the

outlet works approach channel excavation. This operation is shown in Photo

No. 11. The foundation for the upstream impervious blanket and the main

embankment was then hydraulically filled with sand dredged from the

downstream riverbed. Hydraulic fill operations are shown in Photo No. 14.
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Following |lacement of the sand foundation to above water level, the

impervious blanket was constructed to Elev. 1,265 and the rolled embankment

was constructed to Elev. 1,325. The closure plan and section are shown on

Plate A-23. The rolled embankment section over the right abutment and

closure area was subsequently raised to Elev. 1,355 under Earthwork Stage IV

and brought up to final crest, Elev. 1,395, under Earthwork Stage V, th,

final embankment construction stage.

9. SEEPAGE CONTROL. The embankment is founded on a deep deposit of

alluvial sand in the valley and primarily on natural or recompacted clay over-

burden in the abutments. Seepage through and beneath the valley embankment

section is controlled primarily by the massive embankment and berm sections

and by pressure relief wells along the downstream toe of the compacted

embankment. Cutoff walls and trenches were considered for underseepage

control across the valley section, but were rejected primarily because of the

high cost of these methods. Seepage control on the right abutment included

removal and recompaction of surface loess deposits, construction of an

upstream cutoff trench, and construction of a downstream pervious drain

blanket. Control on the left abutment included treatment of a pervious

glacial stratum and blanketing of pervious exposures in the approach channel.

9.1 Valley. Seepage control in the valley is provided by the massive

embankment section and by pressure relief wells.

9.1.1 Embankment Section. The massive embankment section,

including the central compacted impervious section, the upstream impervious

blanket, and the upstream and downstream chalk berms, provides the necessary

seepage resistance to keep hydrostatic uplift pressures to below the levels

assumed during design. The downstream chalk berm provides stability of the

area downstream of the compacted e.ubankment section.

9.1.2 Relief Wells. Thirty-six relief wells were installed

along the downstream toe of the impervious embankment section to control

uplift pressures that develop in the alluvial foundation, especially the
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higher pressures that devclop at lower depths. The wells were designed to

discharge flows directly through the screens and Into the chalk fill berm.

The berm was assumed to contain sufficient voids to accommodate the dis-

charges. The location of the wells are shown on Plate A-I. The wells are

spaced at 60 to 115 feet, but are mostly at 100-foot intervals. They are

fully penetrating, except in the center of the valley where bedrock is at a

considerable depth. In this deeper section, the well screens were set at

about Elev. 1,150 resulting in a well penetration of approximately 60

percent. Relief wells RW-l through RW-14 were extended by the Earthwork

Stage V contractor in conjunction with raising of the downstream chalk berm

in the embankment closure sectlon, The riser and screen sections of the

relief wells consist of 8-inch inside diameter wire-wrapped wood stave pipes.

Each well includes a 36-inch diameter corrugated metal pipe well pit. A

tabulation of the relief wells and relief well piezometers and a soils

profile along the line of wells are shown on Plates A-12 and A-13. Relief

well and piezometer details are on Plate A-14. Relief well design computa-

tions are presented on Plates A-38 and A-39 and the gradation curves of the

gravel packs are on Plate A-40.

Twenty-one well point type piezometers were installed between and in

line with the relief wells to monitor the uplift pressures at the line of

wells. These piezometers are described in "Instrumentation," below. The

water level in the wells and the piezometers have always remained below the

top of the screen which is at about Elev. 1,270. Distortion of the riser and

screen by settlement of the chalk fill prevented flow measurements from being

made in 24 of the 36 wells, including all of the wells in the closure area.

In wells where the flow meter could be used, only insignificant or no flows

were indicated. Inspection of the inter or of the pipes with the aid of a

mirror revealed the bulging of the pipes and indicated the water surface to

be generally still and without ripples. Water levels in the wells and

piezometers fluctuate with changes in pool levels, but the average readings

have varied little over the years. Detailed description and evaluation of

the relief well system are presented in the referenced "Embankment Relief

Well Study" report.
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9.2 Rijht Abutment. Seepage control me isures at the right hank

inc luded excavat ton of the natural loess and backfilling with impervious

materi al, construct ion of a cutoff trench along the right bank, and construc-

tion of a pervious drain blanket beneath the downstream section of the

emiankment .

9.2.1 Loess Excavation. Loess excavation is described in

paragraph 5, Foundation Preparation. In addition to preventing excessive

settlement of the overlying embankment, removal of the loess and its replace-

ment with compacted impervious material resulted in a stable impervious

foundation.

9.2.2 Cutoff Trench. A cutoff trench was excavated through the

sand and gravel layer that overlies the Niobrara Chalk along the right bank.

The location and details of the trench are shown on Plates A-20 and A-21.

Dewateriug was required in the deeper excavations and the trench was

backfilled with compacted impervious material. The loess covered area

between the cutoff trench and the main embankment was excavated to a depth of

5 feet and was then backfilled with the recompacted excavated material to

form a continuous relatively impervious blanket.

9.2.3 Pervlous Drain Blanket. The 5-foot thick pervious drain

blanket beneath the downstream embankment section on the left abutment is

described in paragraph 6.4.2. Its purpose is to increase the stability of

the embankment by providing drainage for both the overlying embankment and

underlying foundation. The blanket is provided with a toe drain collector

pipe along the downstream toe of the embankment. Details of the toe drain

are shown on Plates A-18 and A-19. The toe drain pipe outlets into the

massive chalk berm through a perforated end section. The toe drain has shown

very little or no seepage flows.

9.3 Left Abutment. Seepage control at the left bank consisted of

seepage cutoffs and drainage of the pervious glacial stratum and also

impervious blanketing of the pervious sand exposures along the outlet works

approach channel.
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9.3.1 Pervious Glacial Stratum. Treatment of the pervious stratum on

the left abutment is detailed on Plate A-15. The glacial drift and basal

sand overburden beneath the upstream section of the embankment was removed to

the top of the chalk formation and was replaced with rolled impervious

embaakment material. A shallow cutoff trench was excavated into the top of

the chalk formation. Drainage of the basal sand is through the perviois

blanket and is described in paragraph 6.4.1. A 12-inch diameter perforated

CMP at the downstream toe of the embankment collects and conducts drain water

from the pervious blanket. The perforated toe drain pipe extends a distance

of about 1,460 feet, from manhole No. 8 at the right spillway wall to maithole

No. 5. From manhole No. 5, the drain outlets through a series of solid CMP,

drop inlets, and manholes into the surface drainage system at Sta. 104+95 and

Range 5,304. A plan and details of the toe drain are presented on Plate

A-17.

9.3.2 Blanketing of Approach Channel. Sand and gravel expo-

sures along the outlet works approach channel were excavated, then covered

with a 15-foot thick compacted impervious blanket. The locations of these

exposures are indicated on Plate A-3 and a typical blanket section is

depicted by section H-l1 shown on Plate A-5. Seepage analyses during design

revealed that exposure of the sand layer in the approach channel would create

the shortest underseepage path beneath the embankment. Water entering the

sand would seep around the riverside of the outlet works tunnels and into the

discharge channel. Relief wells and drains located riverward of the outlet

works and discharge channel provide additional underseepage control in this

area.

10. EMBAKMMENT STABILITY. The stability of the embankment over the right

bank terrace clay, the valley alluvium, and the left bank glacial material

were analyzed during the project design stage.

10.1 Stability of Eubankment Over lRiht Bank Terrace Clay. A "wedge"

method of stability analysis was performed for the embankment founded over
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thl' thick clay deposit on the right hank terrace. The analysis is graphi-

calty shown on Plate A-35. With impervious layers above and below the satu-

rated clay, drainage would be greatly impeded and the pore pressure due to

th fill load would be dissipated very slowly. For the stability analysis,

very little consolidation of the clay foundation was assumed to occur during

conqtructton. The minimum factor of safety obtained was 2.2 which was

believed to be adequate for the method of analysis used. A reanalysis in

1952 during construction of the project indicated a reduced factor of safety

of 1.4, primarily due to the use of a higher ground water level and also to

minor changes in the embankment section. The ground water level was raised

from Elev. 1,245 to Elev. 1,275. The toe of the embankment was changed to a

IV on 3H slope instead of a feathered slope, and the pervious drain blanket

did not extend as far upstream as in the original embankment section

analyzed.

10.2 Stability of Embankment Over Valley Alluvium. The embankment

section overlying the valley alluvium was analyzed during the initial design

stage by the "wedge" method, as graphically presented on Plate A-36. The

section did not include the chalk berms as the extent of the berms were not

known at that time. When the analysis was made, test results were not avail-

able on the strength of the shale foundation. The required shear strengths

computed for safety factors of 1.5 and 2.0, assuming zero cohesion, were

tan 0 - 0.189 and tan 0 = 0.358, respectively. Consolidated direct shear

tests later indicated a tan 0 = 0.3 and cohesion = 0.1 tons per square foot

for the shale. On this basis, a factor of safety of about 1.8 was assumed

for the analysis. The safety factor is actually much higher due to the

presence of the chalk berms.

The same section was also analyzed using a modification of the Fort Peck

Elastic Theory method, the results of which are shown on Plate A-37. In this

method, the horizontal shearing forces along the shale-sand contact were

computed for a depth of 75 feet below the structure. These were determined

assuming that no stress discontinuity occurs at the contact plane or that the
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shale night act as a rigid boundary. It is believed that actual condittioa

are somewhere intermediate between these assumptions. Using the rigid

boundary assumption, the minimum safety factor against horizontal sliding

along the contact at any point was found to be 1.7. On the other hand, the

infinite depth assumption gave a minimum point safety factor of 2.5.

10.3 Stability of Rmbankment Over Left lank Glacial Till. Details on

the stability analysis for the embankment over the left abutment glacial

material are not available. However, from the minutes of the 9 October 1947

Board of Consultants meeting, no great concern was expressed on the embank-

ment stability over the left abutment. It was noted that the relatively

compact material was stable and that based on extremely conservative assump-

tions, stability studies indicated a safety factor of 1.5. It was also

stated that a safety factor of 1.3 was obtained for the sudden drawdown

condition.

11. SErrLMENT. To compensate for expected settlement, the crest of the

embankment was overbuilt during Earthwork Stage V, the last earth.ork

contract stage. Overbuild profiles and details are shown on Plate A-19. The

profile reflects the settlement estimated for the differeat foundation condi-

tions beneath the right bank terrace, closure, and left bank sections of the

embankment. The settlement of the right bank terrace clay was estimated

primarily on data from consolidation tests run on the clay samples. It was

estimated that about 20 percent of the total settlement would occur d,'ring

construction. For the closure and left bank sections, the settlement of the

alluvial foundation was based on data from settlement gages that were

installed during the earlier earthwork construction stages. The data

indicated that 60 to 75 percent of the settlement would occur during

construction.

Plots of settlement gage readings indicate that all foundation settle-

ment have essentially stabilized and that the post construction settlement

very closely followed those estimated. Consolidation of the right bank
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terrace clay, however, occurred at a faster rate than predicted. By the end

Of contruction, approximately 60 percent of the settlement of the clay

foundation had occurred. The alluvial foundation settled at a rate slightly

higher than predicted. Approximately 75 to 85 percent of thu settlement

beneath the closure and left bank section occurred during construction.

12. INSTRUMENTATION. Instrumentation of the Fort Randall embankment

consists of embankment piezometers, settlement gage piezometers, relief well

piezometers, settlement gages, crest and slope movement markers, tiltmeters

(slope indicators) and strong motion accelerographs.

12.1 Piezoneters. A general tabulation of all the piezometers for the

project, except for the settlement gage piezometers, is shown on Plates A-9

and A-1O. Sixty well-point type piezometers and 34 open pipe combination

piezometer - settlement gages are used to monitor the hydrostatic uplift

pressures beneath the embankment. The piezometers that are located beneath

the main rolled impervious embankment section are described below under
"embankment" piezometers. The piezometers that are located between and in

line with the relief wells are discussed under "relief well" piezometers.

The few piezometers that are located in the downstream area of the chalk berm

are discussed under "downstream" piezometers. Details of a well-point

piezometer are shown on Plate A-14.

12.1.1 Eubankment Piezometers. There are 32 well-point type

piezometers and 34 open-pipe settlement gage piezometers that extend beneath

the rolled embankment section. Twenty-four of the well-point piezometers are

located in seven piezometer lines, A, B, C, D, E, F, and L across the embank-

ment, as shown on Plate A-11. The piezometers measure seepage pressures in

the downstream pervious drain in both abutments and underseepage pressures in

the valley alluvial sands. The abutment piezometers also give an indication

of the effectiveness of the upstream cutoff trenches in both abutments.

Typical piezometer plots are presented on Plates A-47 through A-52.
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Eight plezometers, FR 79-1 and FR 19-3 through FR 79-9, ar,

S locatod beneath the downstream slope of the valley embankment section alid art,

used to measur, the uplift pressures in the alltivial sand foundation. These

pieeonters were placed in holes that were drilled to obtain informiation for

a seismic evaluation of the embankment foundation.

The 34 settlement gage open-pipe piezometers are located at the

settlement gage locations shown on Plate A-53. All of the settlement gage

plates are set on top of the embankment foundation. The settlement gage pipe

is used as an open-pipe piezometer by allowing entrance of water through

small perforations in the lower 2-foot length of the 2.5-inch diameter pipe.

Pervious sand was placed around the perforated pipe to at least 3 feet

laterally and to at least I foot above the top of the perforations.

12.1.2 Relief Well Piezoumeters. Twenty-one well-point type

piezometers are located between and in line with the relief wells to monitor

the effectiveness of the relief well system along the downstream toe of the

rolled embankment. The piezometer locations are shown on Plate A-Il and

profiles of the piezometers and wells are presented on Plates A-12 and A-13.

Typical plots of relief well and piezometer readings are shown on Plates A-45

and A-46.

12.1.3 Downstream Piezometers. Seven piezometers were installed

through the downstream portion of the chalk berm to monitor uplift pressures

in the alluvial sand near the toe of the chalk berm.

12.2 Settlement Ga&es. Thirty-nine settlement gages were installed

during construction of the embankment. Thirty-four are still operational.

The five gages at Range 3,735 were inundated by the reservoir and have been

abandoned. Location and elevation data on the active gages are tabulated on

Plate A-53. Each settlement gage consists of a 6-foot diameter, 1/2-inch

thick steel base plate and a vertical 2-1/2-inch diameter steel pipe which

31



extends fron the base plate about 3 feet above the embankment surface. The

pipe was extended inside of a 4-inch diameter protective, steel pipe from

about 0 feet ,above the base plate and both pipes are capped above the embank-

ment surface. The base plate is founded on 12 inches of a sand levelling

layer about I feet below the top of the foundation. The lower 2-foot length

of the 2-1/2-inch diameter pipe is perforated and backfilled with sand to

allow the pipe to act as an open-pipe piezometer. Settlement gage readings

have been taken at regular intervals and typical plots are shown on Platt,

A-54 for the gages at Sta. 22+50, 30+00, and 40+00 or the right abutment and

on Plate A-55 for gages at Sta. 82+00 and 90+00 in the valley section.

12.3 Crest and Slope Movement Markers. The locations of 28 crest and

slope movement markers are shown on Plate A-56. Initially, the markers

consisted of concrete monuments extending approximately 5 feet into the

embankment. Concrete monuments were also set in the abutments for survey

reference points. All of the markers were replaced with deeper markers in

1979. The new markers are of two types. One type consists of an 11-foot

long, 2-inch diameter pipe set in a 10-inch diameter, 10-foot deep augered

hole. It is centered in an 8-inch diameter casing which is set about 3 feet

above the bottom of the pipe. The uncased pipe and the lower 1.5 foot of

casing is embedded in concrete and the top of the casing is capped with a

removable cover. The second type of marker con'ists of a 1-inch diameter,

10-foot long, steel rod driven to a depth of 9 feet below ground surface

through a 4-inch diameter, 3-foot deep cased auger hole. The top of the

casing extends about a foot above the ground and is provided with a removable

cap. Typical plots of movement marker readings are shown on Plates A-57 and

A-58.

12.4 Tiltueters. Two tiltmeter (slope indicator) wells were installed

in 1978 and 1979 through the embankment and underlying clay foundation in the

right abutment. Tiltmeter Well T 40/503, located at Sta. 40+00 and Range

5,030, is 303.4 feet deep and extends approximately 93 feet into bedrock.
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Tiltmeter Well T 40/517, located at Sta. 40+00 and Range 5,170, is 221.5 feet

deep and is embedded approximately 61 feet into bedrock. Each tiltmeter well

consists of a 3-inch I.D. grooved tiltmeter casing set with an 18-inch

stickup in a sand or grout filled vertically drilled hole. These wells are

for the purpose of monitoring subsurface displacement by allowing measurement

of the change in well casing tilt with a tiltmeter. The tiltmeter casing and

tiltmeter (Digitilt TM) were purchased from the Slope Indicator Company.

Typical computer plots of tiltmeter readings for T 40/503 are shown on Plate

A-59.

12.5 Strong Notion Accelerographs. Fort Randall Dam is in Zone 1, a

low seismic activity region outlined in the seismic probability map, Figure

6, EM 1110-2-1902. Three Kinemetrics SMA-I strong motion accelerographs were

installed at the project in 1976. One instrument is located off the crest of

the dam at about Sta. 60+00, at about the maximum section of the embankment.

Another is in the downstream area near the old Fort Randall chapel, and the

third is located in the west end of the spillway gallery. All of the

instruments were installed and are maintained by the U.S. Geological Survey.

13. OPERATIONS AND INSPECTIONS. The Fort Randall Dam - Lake Francis Case

project is operated and maintained by the U.S. Army Corps of Engineers, Omaha

District. The project office is located in the powerhouse complex and is

staffed by permanently assigned operations and maintenance personnel. Annual

inspections of the project are conducted by personnel of the district office

and periodic in-depth inspections are made jointly by members of the Omaha

District and the Missouri River Division, and occasionally the Office of the

Chief of Engineers. These inspections are made to assure the structural and

operational soundness of this multipurpose dam project. Periodic inspections

are made in accordance with the requirements of ER 1110-2-100 and to date,

such inspections have been successfully conducted in 1967, 1971, 1976, and

1981. Results of the inspections are included in the referenced periodic

inspection reports.
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14. EVALUATION. The Fort Randall Dam embankment is in good structural

condition. In over 28 years of operation, no serious stability problems have

occurred. Instrumentation readings indicate that settlement of the

embankment foundation has essentially stabilized, that no unusual embankment

deformations are occurring and that hydrostatic uplift pressures are lower

than those assumed during design of the project. Daily surveillance by

project personnel and annual and periodic inspections by members of the

District and Division offices assure that the performance of the dam is

adequately monitored and evaluated.
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0
P 0maUI T11 APSO OSSVAT2UIN WELL DATA

o 
levation

Z'I Locati one TOP of Notton

Coo.. N.leo Statimo NOMse rtp of Scree TV" Pupoee or Pteacester Tube or Obserati0n e1

A5.2 1..00 52l0 1350.06 1303.0h To reorgd seepag pressure. in the domratreom pereto.. deals.

51 .62 L2+2.1I To record seepace prssure"a re--rc 5 sdbetrt Min4 to
detemeine the eftectlenens if the aLotrgea cutorf tretch.

15.2 56.00 5200 134.5.49 19169 To recrd seepage pressures is the downstream pervtous drsal.

9:5 UO 5500 1303.02 m,9 TO recOrd -Re-pelS preSsure Ln terrace eubstra T tn -

deteminew the affectlnees of the upstrem cutoff trench.

¢I-95 70.00 4950 139.33 L224.09
C5.2 70.00. 5200 131.5.19 122t..29
CS5 70.00 5h.50 1305.01 22k..M
C5 .7 70.00 5750 1309-70 122.-60
i 95 81.50 1950 13.78 122 .68

2. 81.50 5200 1343.56 122,56
054.5 81.50 5150 1307.62 1219.32 Well Point To record underspege pressures tn the valley aLlavial. s05s.
1 5.7' 81.50 5750 1301.7b 1213.0
26.2 81-50 620 127.66 1211.96
rk .95 95.00 1950 L387.22 1219.5?
35.2 95.00 5200 131.3.70 1225.70
95.1.5 95.00 5150 1301.7! 1223.55
15.75 95.00 5750 1285.68 1226. 8
rk.9 109 25 k9DO 1368.10 1318.10 To record seepage pressures in the Perviou strata voer-

4.96 109.25 1 6960 L396.29 139 1.9 layAnL the r-alk ometios.
M. 0h 109-25 : 50 0 1395.66 106.88 .0 recore sfr4. press-e"& in the 408ftstrPOSM Felriou 0 ..

?* -1210 2 217 1338.90 1312.9010590 00l 1396.46 LM-86 TO record tim hydro.tattc pressure that develop ta the chalk109 tor est l54, betveen 12,els 3 & .
.T . . !_o recor- t hy~roltatle pess.re. th develop to the chalk

M5039 112-35 5035 1396.31. 1230.11. Camagrende - foret .*.eeamnt 8&9
formati.on betwveen tunnels 9.

I5.035 116-.50 5035 1397.119 19.31. To record the hyro~tatc pressures that develop to the ch-Uk
forEmat5. b-teen _tumels U.1 &12.

10.21 120.50 5210 1351.19 1323.79 TO check the efficiefcy or the pert"lous0.5 5%.1 0 3"cent to
the ria.t s11ll Vall 

a
t the doveatrtrn toe Of the iMk-

Well Point ent..
C6.829 70.00 689 L290.31. 1218.1 to record the hydrostatic Pressure in te valley alulium
6.801 75.31 A&1 1289.k9 1218.19 at tto toe of the chalk erm.

16.7q6 75-3. 6796 1290.15 1231.95 To record tMe hydrostatic pressure t the dc,,o --em too a

61-30 000 1m:13 237.73

11-2 63-30 5800 1301.21. 1228.24
P%-3 6-30 380M 130%.02 L25.02
P4. 69-30 5600 L301.A 1224. 74
PI-4A 69.30 5805 I1300.96 1186.96
V%_5 72.30 "80 1301.1.9 1221.19
PZ-6 75-15 "0O 1303.18 1225.28

3 PZ-4 77.35 5850 1302.02 1223.1;2 Wl on orcr h tf rsue ntevle jlv
P-J 79.35 5850 1301.92 1219.32 aiosg the LUse of rellef "U s.
P1-9 82.30 58 L301.8 122k..64
fl-10U 760 5875 1300.M 1229.70
P,-1o 86.70 5875 1300.58 229.70
PZ-12 90.60 "O 1279.95 1234.95
n1-i3 94-io 59 1277.26 1235.26

Outlet Works Grid SySt0S
a "&696 275 127285 11,15.9 (Tomporcry
C 263.o 215 1270.70 1135.0 0b6.
a 257•79 1350 131#.02 1133.7 Wells)

Va.. 3 Val.1 OuIet words 1253.7 135.? 0bs. Wel
5 p-I Splllway Pier 1 1353.5 1125 (Per. To record tbe artesia press ures is the CodoL

P-U 8lLlvy Pier U. 1.353. 5 1125 beLief sa dstoe.
P-20 Spi1vway Pier 20 1353.5 1L25 deLs)
LP-L Uack 62 Pt. 1"8.68 U8 C (Pienos-ter

Sptllwa wau ell.)
51-2 IlUo 62 Lt. 1258.88 U50

1. "s, 01evatioa of top of pipe a givesn she is thle non1 met elevetlas scaiLl
ao "a tis of 11vsion of tkhisfle.

1; Piem.tr tubes in VOW I throa b ane located by the Wbanheent Oda
Syston wlle geo 5 obervti' weils m lected by the Outlet '-an@
Grid System.

EMBANKMENT CRITERIA AND PERFORMANCE REPORT PLATE A9



(Additional Piezometers Since 1976)
Piezometer Tube and Observation Well Data

Plezometer
or Elevation

Well Location Top of Bottom Purpose of Piezometer
roup Number Stationj Range Pipe of Screem pe Tube or Observation Well

FR79-1 6800 5425 1302.35 1206.35
FR79-3 68.00 5030 1396.80 1183.60 Well Point To record uplift pressure
FR79-4 64+00 5425 1302.85 1182.05 in the valley alluvium

2 FR?9-5 74+00 5425 1304.50 1137.15 upstream but parallel to the
FR79-6 80.00 5425 1307.00 1173.00 line of embankment relief
FR79-7 86.00 5425 1306.50 1132.50 wells.
FR?9-8 v2.00 5445 1309.80 1174.10
FR79-9 96-00 5445 1302.10 1184.60

PZ-8A 80.00 5850 1302.05 I!21.85
PZ-8B 79+90 5850 1302.25 1181.85 Well Point To record hydrostatic pressures

3 PZ-8C 79.80 5850 1302.15 1120.9 and water gradient in the
PZ-8D 79.8 5850 1302.30 1181.7 valley alluvial sand. PZ-8A
Pz-tOA 85.OO 5875 1301.70 1135.3 and PZ-B0 serve as checks on
PZ-10B 85-00 5875 1302.05 1180. __ _ PZ-8C and PZ-8D.
PZ-15A 80.00 7400 1290.25 1114.7 To record hydrostatic pressures
PZ-158 80.00 7400 1290.20 1164.2T Well Point and water gradient in the

4 PZ-tA 8500 7400 1278.60 1131.0,1 downstream valley alluvial
PZ-169 85-00 7400 1278.75 1176.6 __ _ saund.

5 PP-1 255.04 3+85.20 1260.15 1230.15 well Point To determine the water seepage
PP-2 254.17 3+77.17 1260.5C 1245.50 level in the gravel backfill
PF-3 254.86 3+57.20 1262.40 1247.40 beneath the tunnel terminal

NOTE: *These piezometers are installed into same drill hole.

Also see notes on previous page.

E
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I-
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I' •I ill'I

I I) I li n , il n

. .. j j ± . | TOP OF WELL 5cE1.O (

° I, I I I I T PT IT 1
I ~ Ii~ I SEPT 1RR' WATER SUPRAL I I
'f lIT I * IROIL E i l
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~BED 01
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PRESSU~ RELIEFWELLOAllfnk'
7 TOP

RELIEF STATION RANGE BOTTOM 111SER
WELL NO. _ __ ELEVATION ELEVATION

I 61.33 58m IMa 1111
6 2.30 Som 117T7. 70 .2917.0

'0((5 .0440 44~AC NnO43 63.+110 1171.81 120 &I

-EETGO D Si"1C (1961 A', ~/ ~ 5 65.33 Sm I,,n.9I 1 291~' * ~T6 66.3 SM 1147.33 11- T 67.3 80 I= 11147.83 1"L 03

9 69.331 SIM hiuM 12106
10 70.33 Sm 1 11it 581 12415
11 71.331 Sam I10l7 IT 29.70
12 72.33) SM 1 1161, 1795.33

I HL ER 3 71.33 SM 157.62 12W 42
14 74+30 Sm I1_4 f 1291ft

16 7620 Sm 1Q5.03 279.33
1, 76.90 5850 1151 I 1799.04

A, I OF WELL4 SCREENS EL24270(4±) Il 77.60 50 I ii.W8 1 129. 49

T T85 T144 12"94
E1 IIR 797111 05 140 1993

22 L 0~ [ m .80 13 L19.63
PIEZOMTER TUBE LOCATIONS ____

F T f TOP
TUBE STAIO . BOTTOM TUBETBEZ NO. IO RANGE ___ ELEATION ELEVATION

I 61+3P 5800 121.64 1302. 04
2 63.00 350 122B.42 1001.12
3 6.530 501D0 1225.10 1501.0
4 69.30 35X 1224.30 1 01. 10
46 69.30 5M5 1187.03 13M1.83

2 7230 5800 1220.84 15301.34
6 715:15 500 1225.10 1303.0

7 77+35 5850 1223.35 1001.05
8 79+35 3050 1219.16 10.7
06 80+00 5050 I 1121.85 .002.05

as 7.9 40 1121.85 1100225
8C 79.0 53 1120.90 1302.15
S 7980 59540 1181.75 1002.00

______ _____ ________ ______

DRILL HOLE LEGENDi
DID Gravel or Sandy Gravel, Woell-Graded

GF roe) or Sandy Granel. Poorly-Graded

GM Silly Gravel on Silly Sandy Gravel
OOD GC Clayey Gravel or Clayey Sandy Gravel

4SW Sane or Gravelly Sand. Well-Craded

T ,SP Sand or Gravelly Sand. Poorly-Grald
SM Sitly Sand or Silly Gravelly Sand

IL..5C Clay"y Sand or Clayey Gravelly Sand
MIL Silts, Sandy Silts, Gravelly Slits or Disomaceos Soilsj ~ f ~CL Lean Clays. Sandy Clays or Gravelly Clays

K,2KOL Organic Sills ow Lean Organic Clays
MS Micxwans Clays or Diatomaceous Soils

3,' CS FallClays
OS Fat Organic Clays

000 LT. 0897. OFFSET FROM RANGE Of WELLS

5.1MA DRC I. Whar alatoas ra classiicaio of arnl v 8903 beenade singth

3. 1.1 raears to Plezllhllsla.
. FZ -BA, 8B. K and Sowere installed after 19.

pp 5. IbIl wall and plirommitof elevations shownl are based on 1981 da.
ni1p

cvoos 01 -ntl
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PIEZOkMETER TUBES

navu, ~ SOILq .)RCIFILE SHEET I
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SHEARING STRENGTH
kiaximum: c a .40 tan $-.42

111 .1.1 11 1 1 Ut iatet: c a .30 tan = .22
Kill... .. I .. ISample cons~olidated under vertical

load before applicati on of strain.
T ?train applied by motor drive.

I T Moist~me, before test = 29.5%
-1. Voids,-before test a50.0%
-a/Specific Gravity = 2.80

Liquid Limit---- 90

PlatictyInx - 5-
Groun Elev...----------4

Shin ampl Nato--- 1.870
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STAIDARD PROCTOR METHOD

Simple compacted inb.!Ainci li61ors by_' - li
Lof #A~tq - hammer dropped- -inches.

Diameter of Cylinder- -inches
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7'DZO~A -oi.v~ IN INC L.1 VCL

& J~TREN TI' :v : ~SHEARING STRENGTH
~ Tests preconsolideted at vertical load.

*~*****-* -.-.---.-. Strain aptlied by motor drive;
Q .~- . . -.-- .. . . Misture, before teat --- 20.9 %

K :,....~ *~Voids, before test ----- 41.9 %
SDry Density ------ 98 lbs/cu. ft.
0Specific Gravity ------ -- - 2.70

2 -:-'- - Liquid Limit - - - -43
Plastic Limit------6

o -. *.L.2.., ~ Plasticity Index -- - - -1

0o Shrinkage Ratio ------------ 1.775

IE,?rCAL LOAD-rOvs /so rT Lineal S-rinka-e ----------- 11 %
Volumetric Change from Liquid Limit-42 %
U. S. P. R?. Classification---

CLA- IL TSANDProject- Fort andall Damuito
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DOT Hole No...Q.4 ---------

00 ~Location ---
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DIRECT SHEAR TEST
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S!L2ARY OF RELIEF TELL SPACING & DISCHARGE COMPUTATIONSt
Stations

61+50 65.00 75+00 bl+JO 85+00
to to to to to

65+00 75+00 81.00 85+00 95+00

Orig. G.S.Elev. 1253 1235 1238 1247 12LB
Ave. Bedrock Elev. 1170 1165 1080 1101 1160

Ave. WYell Bottom Eleve 1170 1165 1150 1150 1160

Total Head, H(I) 122 140 137 126 127

Thickness of Substratum, D 78 65 153 12 83

Depth of 6ell, Z Full.Pone* Full Pens. 83 92 Full Pene.w

Well Spacing, a 120 100 70 80 100

Upstrecam Head Loss, h 118.0 136.3 131.6 123.2 123.4

Upstream Gradient, S .0369 .0L426 .0411 .0385 .0386r

Downstream Gradient, S1 .0100 .0093 .0135 .0120 .0090

Net Gradient. S .0269 .0333 .076 .0265 .0286

Well Discharge, Q"(cfs) .50" .43 .59 .60 .47

Head Loss out of Screen, h. 2.06 1.85 2.30 2.32 1.97

Mew, otential, Pa 1.57 1.83 3.14 2.46 1.57

Midpoint potential Pm 2.23 2.20 1.95 1.92 1.88

Total uplift, Pm # h4 4.29 4.05 4.25 4.24 3.85

Notes$
l. See Plate A-39 for definition of symbols
2. Midpoint potential equals P + h3 for full penetration well.

Upstream Resistance d -32 4OODownstream Resistance -I 400,O

5. Radius of Relief Well - 0.5'
6. Design pool elevation - 1375 male

EMBANKMENT CRITERIA AND PERFORMANCE REPORT PLATE A38
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TYPICAL COMPUTATION FOR FULLY PENETRATING WELL TYPICAL COMPUTATION FOR PARTIALLY PENETRATING WE L

STA. 05 +00 TO STA. 7 + 00 STA. 75+ 00 TO 3TAh*1 + 00

DESIGN DATA DESIGN DATA

4,eroge ,12'19n0' .'5'd rl-ace ee7/eto17 = 23. erage grun I,& 4',-e e-',"c" 12J3
4,'erage t'ea'ocA 4/rto' 15 ,ere bedr6ck /,'/c
Hi 140 It , ,ot'or ',e// e/e,-at,'56

a 65,1 y 137A
F,ol wa batn ell fol-l/wella - log, 0~, 15 566=/3 ft rans fpr.,ec' ,2' 5/12

Z. 83 ftX -Transfomeo Z,; 332 P
Assum,1e wpell 5.oac-Il7g "a' ando ealce for oo. o'6x 4,791 colvitle

tola! &vo/ift e~ Aria,' a/?d errorI. otal &W1f11( /,, *A' llj) ean7 ,oole.-71 fo101'Z ,a,'o'~ pene' ral-q wells

at/c'~~ gof __

Aslme c? = /0'~ (~ A-~e.

~ jssu',,dl .3 2 Mi -,o.'t zat//o/ for',' 'a for .00ri/-,0171 pelnelIat111n re115

A', = 136.8 /3;. 3 logLF~ 0e
S, . 42 .04Z6
5, = 0080 .0093
3 5 .0348 .1933t9 Assume se/I s'0ace7 0 0/70d 110uC fA 4, h, 7-ea Co'loe

4A i'-'~~ = .45 .43 totlal up/itt., uslog risarndaet 3. zon oe'-me

= = 1./1. 83 ahle uolft.
= 3.86 3. 72

4.38 *.37 /JTil 2 ra 3ora
- 424 4.09 1sue)/07

TA',e ,mud alule for P. , h, correspq1ods,5 t9 he assulmed mldsmed) '0 /00 704
a/ue5 i/7 Ao e fecondl trial ando the ttlcomputled, ,eemlo 311, 4yo(Asme) . 6 45.

I , f , I- /', is 5/,41ht1V less ttlo&I) the a/la0','ale rA7le, theI-efore .. , .OifO0 .040 .0411
I;,t~~e .0/50~ /'/0 soov,,e .6/160 .0/35

= .059 .0248 .02 76
'he~e' socin of/0 ftis de~ate .5- 79 .76 So9

4), 279 .710

4o". 6. 42 oc / SW

The computled' ,"oltiCfor P- "A, carr-esionds, oo' the ossumed
i-clue i/,h .secondo tri1 4v~,-i tota/ COM011ote/Slt".0tiO

p, io /- reote- "th1, th*e a11owable -alde the- fre
thoe 40Ci'7.9 fr lea ,c/t Is indeude.Te COMPUted rA/e.'e
for f //, corresp ods to el7e assumrd ,'aloe ,? the tidf-
and0 the t/tal -omputaed ovlfdntil %~ ?I o, is appoiot1.wel
equaol m the 711vlo61#bl 71ale, thee-e oeoheo00i of' 706

iSOd q t'
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OOWN8REAMNOMENCLATURE
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Z-- 0evA,b of prwoseo' i-chef ,rel.
.1 7 o,'l head

Ik= l ,lool0enlfiol or-er Plane o r/s
________ ~ ~ ~ ~ ~ ~ ~ ~ 0 Surface pote:1tIOI at01 -o'' ~ twe ur~a4 e.'toV

lyA/cod /055 duve Mo fl/oor 0/' ol w-e// 5cre,? ,,?o cl%71k he---
H e/(. hx,) - ralol heod/oss, fr-vln sovc* l0 1117e af

d =Effecllre 1-esistO,~ce o/ste //..7f/e of jwe/is
Ad ' 5ff1'cf1r re~es~ta-,e dirstem /1.ne fr/

5 .- v-S/= Ate" ootenb/ rdal tpoocn discbor-pe
//-a ell si

inls// excess of t~he orer0aE potentII& or-e,- the p/ne

&', , = a~5 = Vischare o ,ei
=,all ,Iofproosed owell.

GENERAL DESIGN ASSUMPTIONS & DATA

A 0- p0 i'it A#gra/4/ a re ac)proxrno1e/y

kLLY PENETRATING WELL 3 cf = irzottprmoii' or ie-,ogob/rtm
81 + 00 4 eot'o fhrzn/prmaiiyt ercop-eo/ f

fovndobho1 naloerlol Is 117 Ihe od, ofM6 &
5 11, the case of partial penetrot'nq ire//s t/,~e oat of the irell ano'

depth7 of tze sob stratum ~s trrs omd nocoronzce-it
!238 t1he item 4 obore v, l61 = _~, 4

= 15.6 /eiyh of 5atoroled blanhet moterlol - 115,lb/co ft therefore the
1111=1,61e op/Il eqia/s 0.894 Zh l,- factor of saf1ety of' /0

7 ,4ssume &n/form o,-eraye oirnstreain b~f/ "te tctness, of' S feet'across entire Yo/Icy Ther-e fore olloirable op~t=0. 84 x .5
4. 2 ft 0 al /Ilocations7.~ oene-a0117_ wells. 8. Iheadt loss fror f/0, f' uafPe/I screen /,,(. 89 t U

-~.59 0es~gn ,ncxlmum pool wiraer surfaoce e/e..-a/,on = 375
'?As~ume ro.ios of ire/I - ri. 0. 5 49' Acloof insle (7ameter a/'

ire/I screen 15 only 8 inches Iho-e-er /,t Is ossumed( the
v-//9pfetil-al/np i-e/I5 effectire radwls Is increasedl oe tv th6e qro~-e/ pack

iZ .A11 oe//s wmlt exception of, those .n dleepestCl ne are foallv
pe'itratnp. hose ir7,'the dleep clarnnel ,oe17eIrate to a

-- u'm, e/e,-aton of //50.

/00 70
6.4 6f.4

/36'.6 1.
e408 .01-/i

.76 .59
2.7/ 2.30
3. 70 -1.14 MISSOURI RIVER
49. 4/ 6.441
2.60 19
6.51 4.2Z5 FORT RANDALL DAM-LAKE FRANCIS CASE

omputhed 0,5ent.',s EMBANKMENT RELIEF WELL STUDY
f0te The computed vaotle TYPICAL WELL SPACING
'"Cd t&Ae //7 ,4etv r ro

e 'V-eCOMPUTATIONS
OFFICE OF THE DIST RICT ENGINEER
OMAHA NEBRASKA MAY 1953
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FORT RAN LL DAM. PEjRAJM RECORD SAMPLtS ROLED U4AhMDIT'

Sai33le Station Rang. Belat, L II. S. 0. C Dmns it
N Classificaini CR fA

I'llPF I
A. Initial tarttwork;

.i @ Li37 I an7.5 a o 028 722.... 0.69 17w' .9 96 .9

948 h1 52 1261.5 -an C -T -- T-'-n"
_3 94n5 1WV O~ 31* -in lay 11 -rr

* w 8803 48 S T12- I-sa9&o Clay 3 33 6
4 T W 1 8

41 88thwo St 9C -lh 3 - 4 2 i kT

15 95 23. 1- W'11 -E1lT 1
8 150- 4978 1 p Claj ZO7 I§

1 
44 2.71 8 S9.andi ' '3

10 'A 5203 (12 .G Ctr. nIC " , %% 2.17 4 9 8.2 " 0
- 90+12 428 i 1S. C ' and 23 33 2.66 2061 I01 0

12 8w0 IC 18. CiayaSand '6'1 M 48 2.14 110 ' M)

-- 1- 4 49 131.1 SantC-ay . " 47! ' f 70 " '8. 7 .0
14 - 120 4436 1.0 SandCla 3 " - 53_ - I

15 95
8

M 
+ 

5054 1316.8 San3lyCla 
y " 

01 " 2.69 
0. 6 103.0

1 43 49D 1342. San Ca " 2 . 1 " 2. 1
17 110.1- 5 1363.6 Sai c Clay - -5- 50 2.71 " "

~ ~~ . *33- -J " S )an!*a 01 " 26 41 IS 2.73 2 9.

18 8 3 4675 1269.6 SandCla 3 23 71 2.9 " 171 10
19 2 + 3.0300 336V Sa n Cay 3 22 t . 9 2.A 20 1 63
20 0 4940 131.7 SandyCl 0 a 7 2 i 4 2.68 - 1..! l . 0

B. Earthwork Stage 11:

1 90+00 4700 1 1281.2 SandyClay 7 161 75 ' 47'26 267 19.8 93.0 C
2 ~ ~ ~ ~ ~ 67G 49 29 Sant Gr.Ca 23 20 57 "U2 2. 72 19.2 990 r

T 84t3 87 495 1 . an Clay 3 3 rW C 2.57 13.1 97.0 0

3 - 0 - * -Sandy Cay 3 T9 - 19 1662 S. . 10c.01V'YFC~T i4f127.4 SnFat : 13 W'1 3- .4OO 12

67t - -c 3 -1A6

- + 4 1261U K S nClay 3 v 66 459 27 7. 72 50. - 101.0 0

7 14 1 7 aO Cay - ".1 ? 6Y 48 '26 27 191 100 C

-8 4W'o M. : Cr 2 32 43

67 - 7 213 4.07 -6-n.4la3 13 760 70'41" 2 . 93.0 "0

I 90.0_ 490 23.A SandClay * . 6 62 . 21. 0.0 0

11 7+0 41 26&if86 an Cay 7 5 37 16 2 2.73 M9.3 02
C 2.- 763 01 475 l26.A Sandy C ay 4 29 67 4 N2 1 104 2.76 1 03.1 t.

64 M03 16 5302 - 9.5FlT atdCay 0 5+. 44 2 7 3 8 2 2.73 25.1 3 99.0 0
-- 1 555i 0 t -- 312a .LS P y o 73 46 0 2 57 2.76 19.3 931.0 0

3tJJ! o 4390 308.2 G.Sanly Clay : 17 2 8 3 8 2817 .67 19.6 lot.0
820 3 5W6R 409 13 . Clay **6 16 68 4 72 26,0 173.2

I 00l 2 135.7 Sandy Cay 13 24 ' 3 3 18 2.7 21.0 101 .9

2_- 95+003 49 132. -Sandy Clay 6 2 2 4 2 0 2.77 168 10 03 92+82 51m31. Cl0  '6' 27 6 7 IS.2.76.. 7. K 0

1A 17.28 449 1331.*'Sandyly 7 ! 8 55 3716 2.7 7 0.19.5 98.52
5L 8 2001 t 77 49 11A.38Sndy Clay 4. 2 67 42' 19' .706 1.1 04.01

163 5-+- 1 -- 133.- t~d 'l S andyC3ay 4 225 A> 3 2306 2.73 20.1 07.0 0
j1 943905-% 4 T372.6 andy Cay 2 25p T3 '42.32.761 .32 0L.5

17 56 50D1 1314 Sandy Clay 3 35 68l 38 '19 2,75 190.9 107.5

I 4 0 90 AS 132.6 andy Clay : 2 2 5 231 2. 7 1. 1044
-12 UM 4 t K4 131.0anityC ay 4 21 7 4 39 2.30 17.1 93.9 0

1 7+2 4 A § any y' 27 66 '4IR 274 10.6 90.6
1.4 8 m20 

109
5'

0
L

5 
f4C!ay 7 23'70 4019 2.703 1. 1 0d. 0.6

15 -Ws8.& L 5;.0 -5 132 1 9 ' "Y 2 35 658 1 2.69 13.45 97 6
94'2'M59 6 1t45'0 3ly D614 4 3 2.N25.93 923.30

24 33.43 7 17 1363.1 SanCdy 0 3 895 752 48 1 2.73 9 4 0 78.6

M.94 adyC 3 6 0 IS 2.71 21 879.04
i.4 618 50 184 33 onla31 2.6 17. 14.691 2321 . LBn~a 36 18 2.680 13.8 93.0

4'29 MS 33 20.'.a ay 63 2 2.6 n6 107S 18

t o 637 46 ' 330 l a Clay 2 23 '5 40 19 2.7 '5 10.76 1L0
M3t -74 1 ' W14.0 Len a 1 '2 '2.61' 15.4 91.6 '

2 ,6 5os 20 1332.7 Sanilay 0 3 6 29 0 71 2.70 15.4 92.9 0+73 1 59.77 -130.1 FatClay 03 11 '32 '1 715 160

1 368I.0 3[Fat Clay 6834 3. 7.
495. 31W.3 Leo.w nCay :6 1. -> '2.69' 5.89:9.01

514 6 3-A 4% 1323.0 eanyClay 27 V 1976 78 I. 10.4 0 1

in-15 -- 1hIN VALUE4 ENGNEEIN - 5y12

511 3 .1 1. ~



IOR3 04',A< )AM, R3N8NI6l RECORD SAMPES iROLED EMBANKMENT)

kien ulAn(al 4ysis sc 0 frc or UlC o 5 Perm,
L I 91 5 . 00styV, .a3

Ias 0 CMJSECa 0, • • I • 8 269 1.9 91.9

30 C6 . O 6T .f ~ ~ 4

in C 0 33 '67 --. T

3 24 73 ii~ ' m I- X1 6x 0

M4r , 22 S t 2.: 1 2o n To.v ' - k 3 +
a1S~ 4506 4027 911.2 IX 20 a 33

aft Sand 23 33 4 2.66 20.1 101.3 0.48 .41

Ioyca 3i 4 " 7 " . o. 0 0 o.
+  I 5 2 '+.+ . .

,ay S, 46 48 2.7AI0 1 3 3 0. 0.(1 .
C lay 21 6. ' .9 "4 1.10 0.33

0 32. 5 990 0. 0.f 1 5•

indyClay 3 2130 8 269' 1E0.0 0.55 0.5 1
Cta i i6 5i 0 

+ 
4 2.7 69 266 In qS O '0 8 5 u .3 ' 0 3

in . ?C 2 2 3 1"75 21.3 O__._ 0.6 06.57

,9.yClay 3 8 26 2 3 2? 1 ID 0 .3 6 .. 
8

,nyClay 3 26 11 4 2.6 18211 + 81013 .6 36
101 Clay .I 'A •_ _4 "6q'g [3 01 9. .7' 4 2 0. O 6
,nq Clay 3 22 5 ' 1 2.70 1. I I01. 60. 79. 0

indyClay 0 ?2 7 4 2. 1NA. 16 0 T 0 .3

ntClay 7 I2 75 43 26 2.67 19.8 93.0 " 0.62 T 0,30 0.54

n Cay 2 20 57 44 22 2.72 19.2 990 . '0. 62 0O.49

Clay 3 39 141 0 2.66 19 16 09040

13ly 1 3 4'' .u -23. 3. 45
,nd ay I R 2066 2 101.0 036 0. 67 0.42 0.47

1045C 7 32 66 43 22 '2.69 19.9 104.0 0.515 3.46 4.6

ndyClay 23 65 3 4 8 2.69 .4 60 .6 O.373.3 O .25 136

'nt CIay 35 66 47 2 2.69 21.0 101.0 0. 66 0 ...

ndy Clay 23 65 44 22 2.73 14.0 99.0 0.8 D.46 0.52
ndy Clay 32 68 49 27 2.69 23.4 103.0 .640 0.50 0.46 '2.56 .

Indylay ?6 66 48 ' 6 2.0 ' 19.1 1040 0.630 .66 (155 2.30 3.42'

SCay  13 8 64 38 2.65 25.3 90 0 r32 0.6 &5 0.

ndyClay b 03 6 46 25 2.6 19.3 99.0 0.6 0435 0.5
Sandy Clay 28 35 0 ?8 2.67 !19.35 120.0 0.548 03 0.6 1.54 1.8 1. 174
Clay , 5 5 1 '0 41 ' 2.72 26.6 93.0 0.03' 0.43 0.39

nlaY 3 0 [R 42.171 21.0 101.0 0.058 0.23 0.50 '0. 0.9
,dyClay 2 03 5 2 2.0 18.7 96 0.764 0.22 0.50 1.58 6
Clay 2Q3 ' 4 2.69 17.5 02.0 .00 . 0.59 0. 5 .2. 3. W6
dyClay 7 38 53 37 36 2.3 19.5 9 2 0.732 2.03 1..0T'

lay 4 ? 67 3 42 29 2.736 18.1 90. 2', 1.3 4 22224
Clay A Z2 4 39 20 2.73 20. 99.0 0.724 0.02 0 60 1.53

dy Clay 2 5 73 42 21 2.76 29. 101.0 0.330 2.90 3.9620.0'
dyClay 1 9 68 38 21 2.5 19.6 101.5 2. 20........
dy Clay 12606 4020D 2.79 20.021032, . 2.2
dy Clay 32 64 4618 2.75 1010.0.9 . .. 41
4 Clay I 32 62 42 23 2.73 16.8 10.0 0.621 0.60 0.50 1.73
dy Clay 27 67 44 '23 2.306 20.3 93.9 0.932 1.51 1. 5x22'

0

y Clay ?76 '41 20 2.24 20. 92.5' 1.49
dC ay 7 23 70 42 '23 '2.370 21.5 '204.0 '0,5930. 55 '0.40 2.306

lay 35 03 38 1 2.69 22.5 93.0 0.1 39 0.23 0.43 1..14
C;ay 0 3 44 t 23 23N 22.3 103.5 ' ' 2.55
Clay 1 5 52 38 192.3 1l&93IM.5 0.390.3 2.00
Clay 2123 65 460 2 '7321.4' 9.44: 1.13 '& 6. 0d

Cly 4 233 393201. 9. 825
Clay 233 8 3 21'so41.0 0. 9 ,5
Clay 12 2335 4619 2.7529.6 94.0 0.30 0.2 15

<3 132 31 .01 15.4 9160_ 1. 3, 10-5
6 4 3 .8 159 9 .5 .:11 0 0.61 2.24 2.68. 1. &10-6

ay 22 9 15 a 2.39 24.8 89.9 03 2 .42 2 .02 3.Ix 048

ay 6 0 34 _ 2.71 23.1 83.0 40.998 a.08 0.62 1a0- 1
lay 36 1 . 6 8 2.68~ 15.8 '100.'0 1 .04
lay 33 23 2.06 17.0 109.0 0.543 1.24 1' . -
lay 38 20 . 2.66 16&6 103.0 0.5 54' 0.35 '0.50 2.55 2.97
lay 37 19 .73 18. 7 '109.0 1.46
ylay 46 23'4 '2410 6 T" .6F 0.1900 '5.5 'iMO

lfay 43 23 2. 2 '39.6 104.0 0. 6i '6.60 '3. 42 2.66

im I, * loa *lvtm .

Clay .1 35 02 33 31 Z.0 15.9. 0 IN 020 0.61 1.9 q?
Clay . 133'62 32'102. 1.18.0.'300.0
Clay '5 30 '65..........................17 45l 21

a 723 4U U21 Z 64'2X9 :9.0 1'.400. 0.30 I 3I512. 11
ta 4 7 3 6 268 2,68 1&.4 80.0 11.0'.4 05193.0 '2 39633 __
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UPPER AND LOWER STRENGTH ENVELOPES OF 44 DIRECT
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APPENDIX B
PHOTOS
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PHOTO NO. 1: Aerial view of Fort Randall Dam. June 1974

PLATE B-1
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PHOTO NO. 2: Scarifying surface prior to placement
of fill. Earthwork Stage II. 20 May '49

PHOTO NO. 3: Blading operation in embankment

construction. Initial earthwork.
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PHOTO NO. 4: Watering operation in embankment
construction. Earthwork Stage II. 20 May '49

IPHOTO NO. 5: Excavation of right bank cut-off trench,

upstream end, looking towards river. 6 Nov '50
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PHOTO NO. 6: Sheepsfoot tamping roller compacting
impervious fill. Earthwork Stage III. 10 Oct '50

IPHOTO NO. 7: Construction of intake structure and
embankment in foreground and excavation for spill-
way weir in background, looking toward the left
abutment 11 May '51
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PHOTO NO. 8: Dredging in chalk spoil area downstream
of embankment for hydraulic filling to effect river
closure. Earthwork Stage Ill. 17 Jul '52

t[ PHOTO NO. 9: Final stage of river closure with dredged

chalk fill. Water level at about El. 1242.20 Jul '52
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PHOTO NO. 10: Dumped chalk fill over the dredged
chalk weir crest Earthwork Stage III. 23 Jul '52

t PHOTO NO. 11: Placement of pervious dike at location
of upstream toe of impervious blanket. Earth-
work Stage I l. 1 Aug '52

PLATE B-6



PHOTO NO. 12: Embankment material being placed
on top of dredged hydraulic fill at location of up-
stream embankment toe. Earthwork Stage III. 1 Aug'52

, PHOTO NO. 13: Same area as shown in Photo No. 12.
Pictured are double cat-dozer and towed double
drum sheepsfoot roller. 1 Aug '52
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PHOTO NO. 14: Hydraulic filling of embankment
foundation in closure section. Earthwork
Stage II I. 15 Sep '52.

3 PHOTO NO. 15: Aerial view of project looking down-
stream. 15 Sep '52

PLATE B-8
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PHOTO NO. 16: Embankment construction in closure
area looking towards the left abutmei-t. Fill at
approx. El. 1246. Earthwork Stage II I. 14 Aug '52.

PHOTO NO. 17: Upstream portion of embankment,
looking towards the right abutment Fill is at
approx. El. 1288. Earthwork Stage III. 29 Sep '52
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PHOTO NO. 18: Embankment construction in closure
area to approx. El. 1325. Embankment in foreground
is at crest level, El. 1395. Earthwork Stage II I.

(17 Oct '52)

PHOTO NO. 19: View of embankment construction
looking towards right abutment, showing placement
of upstream chalk berm. Earthwork Stage IV. 4 Aug '53
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II 4

PHOTO NO. 20: Construction of upstream chalk berm
looking SW towards right abutment. 4 Aug '53

PHOTO NO. 21: Aerial view of construction during
Earthwork Stage V. 16 Nov '53
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PHOTO NO. 22: View of embankment construction
looking along dam axis towards the right abutment.
Earthwork Stage V. 25 May '54
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(PHOTO NO. 23: Fill placement between west spillway
abutment and previously completed embankment.
Top of fill is approx. El. 1360. 25 Jun '54, A

PLATE B-12
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PHOTO NO. 24: Aerial view of completed embankment,
looking from right abutment. 30 Jun '55

PHOTO NO. 25: Aerial view of project, looking SW.

29 Mar '55
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